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INTRODUCTION

47
4 Uncaging IP3 activates xTMEM16A and xBEST2A. Having discovered two CaCCs as 146 candidates for the channel that mediates the fast block in X. laevis eggs, we sought to 147 distinguish between their currents in the context of fertilization. Studying the activities of 148 xTMEM16A and xBEST2A independently necessitated their exogenous expression. For this 149 purpose, we chose a highly tractable system that lacks endogenous Ca 2+ -activated currents:
150
Ambystoma mexicanum (axolotl) oocytes.
151
Although xTMEM16A was previously expressed in axolotl oocytes and currents 152 generated in this context have been recorded [18] , this is not the case for xBEST2A. We first 153 confirmed that the exogenously expressed xBEST2A is localized to the plasma membrane of 154 these oocytes. Confocal imaging of axolotl oocytes expressing both Ruby-tagged xBEST2A and 155 the eGFP-tagged membrane marker MemE [43] revealed that xBEST2A was indeed expressed 156 in these cells, and that it was transported to the plasma membrane ( Figure 3A ). As expected, no 157 fluorescence was detected in water-injected control oocytes ( Figure 3A ).
158
To study the currents conducted by xTMEM16A and xBEST2A, we exploited their 159
shared regulation by Ca 2+ . Specifically, we photoactivated caged IP3 [21, 31, 32] by exposing 160 the oocytes to ultraviolet light. This uncaging of IP3 induces Ca 2+ release from the ER, thereby 161 increasing the intracellular Ca 2+ concentration and activating the channels ( Figure 3B ). As 162 shown previously [21] , uncaging IP3 in wildtype axolotl oocytes does not elicit any Ca 2+ -induced 163 currents ( Figure 3C ). Importantly, we used the splice variants of xTMEM16A and xBEST2A 164 channels that are present in X. laevis eggs [21, 36] . 165 Using the uncaging system in conjunction with the two-electrode voltage clamp (TEVC),
166
we recorded whole-cell currents in the presence or absence of known channel inhibitor 167 molecules. Our initial assessment of the effects of sequential uncaging events in the absence of 168 inhibitors revealed no differences in current between axolotl oocytes expressing either of the 169 channels or X. laevis oocytes expressing the endogenous channels (Table S1 ). This finding 170 indicated that differences in Ca 2+ -evoked currents measured in the presence or absence of an 171 inhibitor in this system would reflect the efficacy of that inhibitor, thus this experimental design 172 would enable us to characterize the efficacy of inhibitors in reducing xTMEM16A-or xBEST2A-173 mediated currents.
174
Using this set-up, we quantified the effects of five inhibitors on xTMEM16A-and 175 xBest2a-mediated currents (Table S1 ). Three of these -MONNA, Ani9, and T16ainh-A01were 176 previously reported to target human and/or mouse TMEM16A [44] [45] [46] , whereas CaCCinh-A01 is 177 a general inhibitor of CaCCs [44, 47] . Although no BEST-specific inhibitor has been 178 characterized to date, we included the broad-spectrum Clchannel inhibitor DIDS because it 179 reportedly binds to human bestrophin 1 (hBEST1) channels with an affinity 160-fold higher than 180 that for mouse TMEM16A (mTMEM16A) [48] . 181 182 5 (P<0.05 ANOVA with post-hoc HSD Tukey; Table S1 ). Collectively, these data demonstrate that 195 only MONNA and Ani9 effectively inhibit xTMEM16A.
197
MONNA and Ani9 discriminate between currents generated by xTMEM16A and xBEST2A.
198
Comparison of the effects of the five inhibitors on xBEST2A currents revealed that none had a 199 significant effect (P > 0.05, ANOVA with post-hoc HSD Tukey; Figure 3F & S2 and Table S1 ).
200
Most notably, currents generated in the presence of MONNA or Ani9 were no different than 201 those produced in the control, confirming that these two compounds are specific for 202 xTMEM16A. Furthermore, the lack of xBEST2A inhibition by MONNA and Ani9 demonstrates 203 that these inhibitors do not interfere with the IP3-induced Ca 2+ release pathway. Together, these 204 results demonstrate that MONNA and Ani9 effectively target xTMEM16A channels but have only 205 minimal effects on xBEST2A and the IP3 receptor, thereby providing a mechanism for discerning 206 between xTMEM16A and xBEST2A currents during the fast block.
208
The TMEM16A mediated-current produces the fast block in X. laevis. To characterize the 209 fast block to polyspermy, we conducted whole-cell recording of X. laevis eggs during fertilization 210 ( Figure 4A ). Eggs with steady resting potentials were inseminated with sperm and currents were 211 recorded for up to 40 minutes or until the cortex contracted (indicating that fertilization was 212 successful) ( Figure 4B ). Figure 4C depicts a typical fertilization-evoked depolarization that 213 occurred after sperm addition. For eggs inseminated under control conditions, we found that: 214 the resting potential was -19.2 ± 1.0 mV; the fertilization potential was 3.7 ± 2.3 mV (N=30, 215 Figure 4D ); the time between the addition of sperm and the onset of membrane depolarization 216 (which likely represents the time required for the sperm to penetrate the viscous jelly coat of the 217 egg [16]) was approximately 4.9 ± 0.7 minutes (N=30, Figure 4E ); and the average rate of 218 depolarization was 9.0 ± 3.4 mV/ms (N=30) ( Figure 4F ).
219
To determine whether it is xTMEM16A or xBEST2A that conducts the depolarizing 220 current responsible for the fast block, we inseminated eggs in the presence of MONNA or Ani9, 221 each of which was expected to inhibit xTMEM16A but to have minimal effect on xBEST2a or IP3 222 receptors ( Figure 3G , Table S1 ). In X. laevis eggs, inhibition of xTMEM16A using either inhibitor 
227
( Figure 4D ). However, this elevated resting potential did not interfere with fertilization; visual 228 assessment revealed contraction of the animal pole followed by the appearance of a cleavage 229 furrows ( Figure 4B ), thus demonstrating that all eggs inseminated in the presence of MONNA 230 initiated embryonic development.
231
In the presence of 1 μM Ani9, the rate of depolarization for inseminated eggs was 232 significantly reduced, and thereby attenuating the fast block (1.2 ± 1.1 mV/ms with Ani9 (N=5) Figure 3G , Table S1 ). No other metrics of the fast block differed significantly in 6 246
DISCUSSION
247
The fast block to polyspermy is one of the earliest and most prevalent events across 248 species that undergo external fertilization. Despite its widespread use by evolutionarily divergent 249 species, the signaling pathways that underlie these fertilization-evoked depolarizations have 250 remained elusive. Here we identify the CaCC that mediates the fast block in the African clawed 251 frog X. laevis: xTMEM16A ( Figure 5 ). Given that an increase in the intracellular Ca 2+ 252 concentration and an efflux of Clare required for the fast block in all frogs and toads studied 253 thus far [7, 49] , we propose that the current produced by TMEM16A channels triggers the fast 254 block to polyspermy in all anurans.
255
Our identification of xTMEM16A and xBEST2A as candidate CaCCs that may mediate 256 the fast block is based on proteomics and transcriptomics. Indeed, both proteins are translated 257 in high concentrations (approximately 22 x 10 9 xTMEM16A channels and 2 x 10 9 xBEST2A 258 channels, see Methods) in mature eggs. Given that these channels are present in the egg 259 membrane, it was feasible that either or both could mediate the Ca 2+ -activated Clefflux that 260 drives the fast block in X. laevis.
261
Our finding that 10 µM MONNA and 1 µM Ani9, concentrations higher than their 262 published IC50 [45, 46] , inhibit >70% of xTMEM16A channels in both axolotl and X. laevis 263 oocytes, yet that they are largely ineffective at reducing currents conducted by xBEST2A, 264 strongly indicate that these inhibitors discriminate between our two candidate CaCCs. Both of 265 these inhibitors are known to be highly specific for TMEM16A, with Ani9 failing to block even the 
284
Previous studies showed that fertilization-evoked depolarization varies with respect to 285 amplitude and shape, even when recorded under control conditions [7, 14, 17] . Our study 286 further demonstrates that the rate of depolarization varies for each unique fertilization event.
287
Because the depolarization rate is directly proportional to the number of channels that open, our 288 data imply that different fertilization events lead to the opening of different numbers of channels.
289
Although the source of the Ca 2+ that signals the fast block remains to be determined, the 
300
Despite the gross changes that the plasma membrane of a X. laevis oocyte undergoes 301 as it matures into a fertilization-competent egg, it is evident that the xTMEM16A channels are 302 retained. Where in fertilization-competent eggs the xBEST2A channels localize remains to be 303 determined. Based on its presence in the mature egg [28] and its lack of contribution to the fast 304 block, we speculate that it is either desensitized or absent from the plasma membrane, as is the 305 case for ORAI1 [23], PMCA [24] , and Na + /K + ATPase [25] .
306
In conclusion, the fertilization-activated opening of TMEM16A channels is the earliest 307 known signaling event evoked by the sperm-egg interaction ( Figure 5) . The discovery of a 308 critical role for TMEM16A channels in fertilization lays a foundation for understanding how the 309 membrane potential regulates fertilization. More broadly, TMEM16A channels regulate diverse 310 processes ranging from epithelial secretions [30] to smooth muscle contraction [50, 51] 494 60. Seiler, C.Y., Park, J.G., Sharma, A., Hunter, P., Surapaneni, P., Sedillo, C., Field, J.,
495
Algar, R., Price, A., Steel, J., et al. (2014) . DNASU plasmid and PSI:Biology-Materials 
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Dataset S1: Gene Ontology terms used to identify channels; RNA-seq data from [27] , of 575 channels in X. laevis oocytes during developmental stages 1-2, 3-4, and 5-6, and in fertilization-576 competent eggs; and proteomics data from [28] , from fertilization-competent X. laevis eggs. 
578
